Abstract: This work surveys the structure, substructure and submicroporosity of Cu metal coatings following condensation both under the conditions of space flight of orbital stations (OS) and under Earth-based conditions. Small-angle X-ray scattering (SAXS) and the method of Ar low-temperature desorption were used for investigation. It has been shown that the condensates deposited in space contain less and relatively equiaxial submicropores (SMPs) distributed more homogeneously than Earth-based disperse films.
Introduction
This work examines issues related to the structure, substructure and submicroporosity of metal coatings with face-centered cubic lattices of Cu following condensation both under the conditions of space flight of orbital stations, and under Earth-based conditions. As described by Cheremskoy et al. [1] , one major issue in the development of new materials for aerospace engineering OPEN ACCESS applications is the porosity problem, which has significant effects on the performance properties of these materials. To control the parameters of porous structures and predict their stability during operation in the presence of multifactorial external inputs (for example, in open space), the origin, mechanisms and kinetics of processes used to develop porous materials must be subjected to systematic testing and data analysis. Previously [2, 3] , we introduced a theoretical model of pore formation in solids based on thermodynamic considerations. Note that in [4] we conducted an experimental survey of the impact of space on thermostatic metal coatings of black aluminium.
As was shown in [5] , after the channels are filled and the entire film has formed a significant amount of macro-, micro-and submicropores (SMPs) remain, which form the following through several different mechanisms: diffusion-vacancy, the shadow effect, non-compact coalescence and joining of the structural elements, uneven growth, gas absorption and micro-contraction. Which mechanism predominates is determined by the physical and chemical conditions of the evaporation and condensation processes. This comparison of the porosity features of space and Earth-based samples is extremely important for the analysis of the impact of orbital station flight conditions on the mechanism of porosity formation.
Results and Discussion
The surface micro-structures of films produced on Earth and in space are shown in Figures 1-3 . For Cu films of different thicknesses, the total porosity measured, based on the absorption of monochromatic radiation, reaches several per cent.
Most of the porosity of space and Earth-based samples is constituted of micron-sized macro-pores, which cannot be revealed by SAXS. However, the quantity of SMPs is several times greater than the quantity of macro-pores. The observed small-angle X-ray scattering mostly results from SMP's. Figure 1 shows SAXS indicatrixes for Cu films, demonstrating that the SAXS intensity and integral width of the SAXS indicatrixes of Earth-based films are considerably higher than those of samples produced in space. The analysis of SAXS indicatrix asymptotes recorded on an incline reveal that Cu films mostly contain SMPs, the orientation and anisometry of which are largely determined by aligning the motion of molecular flow during condensation.
The pores of Earth-based samples of Cu films are in prolate form, and due to their large size, are aligned in a direction close to the molecular flow direction. However, in space, SMP samples are almost equiaxial. All inspected Cu space samples display less poly-dispersity of scattering than earth-based samples, which feature an apparent poly-disperse SMP size distribution. This poly-dispersity appears in the form of several maxima on the invariant curves of PMP indicatrixes ( Figure 2а ). Similar curves for space samples usually have one maximum (Figure 2b ).
At almost the same level of inner porosity, 1.8%-2.5%, obtained by the method of monochromatic radiation absorption, the volumetric concentration of SMP in the Earth-based samples is approximately 0.1% in the metals tested here, compared with a maximum of 0.04% in the space-based samples. At the same time, the pores in the space-based samples are typically larger than those produced on earth. The mean square and typical sizes of the pores are close to each other, at 30 nm for Cu Earth-based films, compared with 65 nm for the corresponding space-based films.
SAXS indicatrixes on Figure 4 are aligned for the same scattering volume as long as the films have different thicknesses. During condensation under Earth-based conditions, the intensity of SAXS films condensed on the stationary support exceeds the intensity of SAXS films condensed on the movable support over the whole range of angular dispersion; this analysis also revealed discrepancies in the angular dispersion of SAXS intensity for both types of films.
Condensation on a movable support leads to a sharper reduction of SAXS intensity at smaller angles, indicating a difference between the size distribution of scattering irregularities of electron density, which mostly appeared in the form of SMPs or micropores resulting from condensation.
For small film thicknesses, despite the considerable poly-dispersity of SMPs, no SMPs larger than 20 nm were observed, and this population was symbolically divided into two size fractions 2R < 5 nm and 5 < 2R < 40 nm. The total volume and quantity of SMPs in films condensed on the stationary support are substantially higher than in films condensed on the movable support. Key discrepancies are revealed in the fractional contribution of larger SMPs. In both Earth-based and space-based films condensed on the stationary support, the SMP concentration is much higher than in films condensed on the movable support; this difference is smaller for small SMPs.
The films condensed under field conditions on the orbital stations were studied to determine the behaviour of the SAXS intensity, dispersion and volumetric concentration of the SMPs during the growth of the condensate. No substantial discrepancies were observed in SAXS intensity between films of equivalent thickness condensed under Earth-based versus space-based conditions. However, the size distribution of scattering SMPs is observed to be uneven. The intensity rate of SAXS in the films increases along with the condensate thickness (Figure 3b ). As shown in previous surveys, this tendency also appears to be typical for the films condensed under Earth-based conditions. However, films condensed in space appear to be more isotropic than the earth-based films, especially at comparatively large scattering angles. This observation fits with the conclusion that condensation under micro-gravity conditions leads to the formation of more equiaxial SMPs. Moreover, columnar allocation of structural elements, which affect the shape and alignment of the pores, is not observed.
The density values of the space-and Earth-based films determined by the decrease in monochromatic X-ray irradiation are similar to one another. The same is true for the range of thicknesses studied here: the total volumetric concentration of SMPs in space and earth-based films are similar; however, the largest SMPs account for a greater volume fraction in space-based films than in Earth-based films.
Thus, an array of experiments on orbital stations has shown that condensation under space conditions contributes to the formation of more equiaxial and larger SMPs in fine metal films than under Earth-based conditions; however no substantial difference was observed between the total SMP quantities of space and Earth-based films.
Conclusions
Mechanisms of pore formation in metal coatings condensed in Earth-based and space conditions are similar, although they have particular features, occurring due to space microgravity. As to total porosity level, no substantial difference between space and Earth-based condensates has been detected. Due to weakening of molecular flow orienting impact in space conditions, cosmic films reveal no columnar structure and SMPs, orienting in the molecular flow direction. The distribution of SMPs as regards size is more uniform, their dispersion level is much lower compared to the Earth-based samples, while the shape of SMPs appears to be close to equiaxial. This might be caused as a result of the amplification of the porosity diffusion-vacancy mechanism due to weakening of the role of adsorption processes.
These experiments were conducted on films of Cu condensed on the OS "SALUT-6" by the apparatus "ISPARITEL M" (Figure 4 ). Evaporable material was heated in a molybdenic bowl by means of electron bombardment [6] . The evaporable unit (Figure 4a ) together with the bowl and supports, was installed in the sluice chamber, which could be connected to the outboard area upon depressurisation. Therefore, the composition of residual gases in the sluice chamber was affected by the composition of the atmosphere near the orbital station. Supports were fixed in a special drum (Figure 4b ) that was rotated, contributing to their replacement during the experiment. A shutter, which separates the evaporator and the drum, prevents the samples from being affected by the fumes of the evaporant until complete heating of the bowl and provides partial execution of preset evaporation time (Figure 4d ). Condensation was conducted on non-heated supports made of glass, titanium (both polished and non-polished), lacquered titanium and black-reinforced plastic. The duration of condensation was varied from 1-200 s, allowing for formation and investigation of films with thicknesses ranging from several nanometres to micrometres. In some cases, the total condensation time was 600-750 s due to the redeposition of the material on its own sub-layer.
Another set of tests was conducted on board the "MIR" orbital station. The condensation of coatings of Cu with thickness up to 1 µm was tested on a static and movable tape drive within a thin polyimide support. These experiments were also repeated under similar conditions on Earth, which excluded the influence of microgravity.
Small-angle X-ray scattering (SAXS) is very effective for characterization of the submicroporosity of substances [7] . Pores, as local electron density inhomogeneities, cause diffuse SAXS, the equivalent scattering particle pores being identical in size, shape, and electron density drop. SAXS was conducted according to the previously described technique [7, 8] . The SAXS indicatrixes were registered by a small-angle X-ray diffractometer using slit-like collimation of the primary MoKα X-ray beam. During treatment, the SAXS intensity for each scattering angle was transformed to a point-like collimation. The absolute SAXS intensity was measured against a calibrated standard according to the method of Kratky [8] . For each X-ray measurement, the small-angle background of the diffractometer was also calibrated. The reproducibility error of this curve in the range of scattering angles investigated here, as well as that of the SAXS experimental indicatrixes, was in the range of 1.5%-2%.
The morphology, concentration, and size distribution of submicropores in Cu coatings were investigated by SAXS. We analyzed the following values [9] : type of angular distribution; asymptotics and the integral parameters of the dispersion indices of SAXS related to the typical size:
the typical volume :
where: Ĩ(q) = I(q); I(q), SAXS intensity; q, diffraction vector; P = 1/2π 
Investigations by the method of absorption of monochromatic X-ray radiation were conducted according to the technique described in [7] .
The porosity of Cu coatings was measured and calculated according to the previously described method for Al coatings of Ar low-temperature desorption [10] .
